Drug efflux systems contribute to the intrinsic resistance of Pseudomonas aeruginosa to many antibiotics and biocides and hamper research focused on the discovery and development of new antimicrobial agents targeted against this important opportunistic pathogen. Using a P. aeruginosa PAO1 derivative bearing deletions of opmH, encoding an outer membrane channel for efflux substrates, and four efflux pumps belonging to the resistance nodulation/cell division class including mexAB-oprM, we identified a small-molecule indole-class compound (CBR-4830) that is inhibitory to growth of this efflux-compromised strain. Genetic studies established MexAB-OprM as the principal pump for CBR-4830 and revealed MreB, a prokaryotic actin homolog, as the proximal cellular target of CBR-4830. Additional studies establish MreB as an essential protein in P. aeruginosa, and efflux-compromised strains treated with CBR-4830 transition to coccoid shape, consistent with MreB inhibition or depletion. Resistance genetics further suggest that CBR-4830 interacts with the putative ATP-binding pocket in MreB and demonstrate significant cross-resistance with A22, a structurally unrelated compound that has been shown to promote rapid dispersion of MreB filaments in vivo. Interestingly, however, ATP-dependent polymerization of purified recombinant P. aeruginosa MreB is blocked in vitro in a dosedependent manner by CBR-4830 but not by A22. Neither compound exhibits significant inhibitory activity against mutant forms of MreB protein that bear mutations identified in CBR-4830-resistant strains. Finally, employing the strains and reagents prepared and characterized during the course of these studies, we have begun to investigate the ability of analogues of CBR-4830 to inhibit the growth of both efflux-proficient and efflux-compromised P. aeruginosa through specific inhibition of MreB function.
The activity of efflux-based drug extrusion mechanisms impact the overall effectiveness of current antimicrobial therapies and impair efforts to discover new chemotherapeutic treatments for many serious bacterial diseases (4, 42, 43, 65) . Few bacterial pathogens exemplify the importance of the interplay between xenobiotic efflux extrusion systems and the exclusion of antimicrobial agents at the level of the poorly permeable gram-negative outer membrane quite like Pseudomonas aeruginosa (46, 58) . Indeed, this organism has the capacity to encode more than 50 potential multidrug transporters including 12 resistance nodulation/cell division (RND)-class transporters, which to date, represent the only clinically significant drug transporters that have been experimentally validated for P. aeruginosa (20, 58) .
The MexAB-OprM tripartite pump confers basal resistance to P. aeruginosa to a number of chemically distinct antibiotics (58) and through gain-of-function mutations, including those in regulatory proteins (e.g., mexR or mexZ), may overproduce MexAB-OprM or other RND-class pumps which are significant contributors to multidrug resistance in clinical P. areuginosa isolates (41, 71) . Four additional RND-class efflux transporters-MexCD-OprJ (54), MexEF-OprN (35) , MexGHIOpmD (44, 69) , and MexJK (14)-have been linked to antibiotic resistance in this bacterium, and although some overlap is apparent, the transporters vary with regard to the number and types of substrates recognized for extrusion (reviewed in references 52, 53, 55, and 58). The importance of intrinsic and inducible efflux resistance mechanisms in P. aeruginosa is underscored by the more recent finding that such pumps recognize and transport multiple classes of newly developed antibiotics including tigecycline, a first in the class of glycylcyclines which was developed specifically to circumvent the prevalent tetracycline resistance mechanisms including extrusion by tetracycline-specific efflux pumps (17, 27, 39) .
Although much is now known about the contribution of the multidrug efflux (Mex) pumps regarding their importance toward the development of clinical resistance of P. aeruginosa to existing antibiotic therapies, far less is known about the contribution of such pumps to the recognition and extrusion of novel antibacterial agents which are an integral part of the antibacterial discovery and development process. To better understand the potential impact of intrinsic efflux systems in P. aeruginosa in discovery programs directed toward the identification of new antibacterial agents, we constructed a 20-member strain panel of P. aeruginosa derivatives encompassing deletion-replacement mutations of 52 candidate efflux systems including the TolC homolog, OpmH (20) . Using this strain panel as a test platform, we undertook a series of studies to identify antimicrobial compounds that specifically inhibit the growth of individual P. aeruginosa strains that are each deficient in one or more multidrug efflux pump systems but not the growth of the wild-type efflux-proficient parent. By definition, compounds identified in this fashion already possess cell-based activity under specific efflux-deficient conditions and thus have a distinct advantage over compounds discovered in targetbased biochemical assays that often have properties inconsistent with effective cell penetration. Further, as such compounds lack antimicrobial activity against efflux-proficient strains, they would not be discovered in conventional cellbased screens employing wild-type strains. As such, these novel antimicrobial agents represent unique starting points for chemistry optimization efforts focused initially on overcoming the efflux liability while retaining target-directed activity.
We report herein the identification and characterization of one such compound, CBR-4830, that was discovered through a whole-cell antibacterial screen as a growth inhibitor of effluxcompromised P. aeruginosa strains. We further show through combined genetic, biochemical, and cell morphology studies that the cellular target for CBR-4830 in efflux-compromised P. aeruginosa is MreB, a bacterial homolog of actin. Previous studies of MreB homologs have established that the protein forms dynamic, actin-like helical filaments in an ATP-or GTPdependent fashion that are localized in the cell on the inner surface of the cytoplasmic membrane (18, 22, 31, 62, 66) . Studies undertaken in a variety of rod-shaped, helical, and filamentous bacteria have provided evidence for roles in the maintenance of cell shape (5, 24, 32) , polar protein localization (47) , and/or chromosome segregation (25, 37, 38) .
Additional genetic and microscopy studies described herein establish that the MreB homolog of P. aeruginosa is both essential for cell viability and for maintenance of a rod cell morphology. In light of the prior identification (29, 30) and characterization of the cellular mode of action of a novel S-benzylisothiourea class of MreB inhibitors (21, 25, 32, 47) , the potential of MreB as a novel target for antibacterial discovery and development efforts has recently been discussed (67) . The identification and characterization of CBR-4830 as a novel indole class of inhibitor of this essential cytoskeleton-like protein represents a first step toward the development of a wholly new class of antipseudomonal agents.
(A portion of this work was presented at the 44th Interscience Conference on Antimicrobial Agents and Chemotherapy, Washington, DC, 30 October to 2 November 2004.)
MATERIALS AND METHODS
Bacterial strains and growth media. Relevant details of the bacterial strains used in this study are listed in Table 1 . Luria-Bertani (LB) or cation-adjusted Mueller Hinton medium was used for routine propagation of P. aeruginosa and Escherichia coli. Genetic manipulations of P. aeruginosa employed citrate-based Vogel-Bonner minimal medium (VBMM) (8) . Antibiotic selection concentrations were ampicillin at 100 g/ml for E. coli, tetracycline at 25 g/ml and carbenicillin at 200 g/ml for P. aeruginosa, and gentamicin sulfate at 30 g/ml and 10 g/ml for P. aeruginosa and E. coli, respectively.
Whole-cell screening and antimicrobial susceptibility testing. Initial assessment of inhibitory activity was determined by growth inhibition of P. aeruginosa CB398 cultivated at a density of ϳ5 ϫ 10 5 CFU/ml in 0.1 ml of LB in a 384-well plate format. Individual compounds prepared in dimethyl sulfoxide (DMSO) were dosed at a final screening concentration of 5 M. Growth or inhibition was measured by absorbance at 630 nm using a Wallac Envision 2100 multilabel plate reader (Perkin Elmer). Experimental compounds that inhibited growth (Ͼ50%) compared to the untreated growth control containing only DMSO were selected for further analysis. Rifampin and chloramphenicol were included as positive controls. MICs were determined by the broth microdilution method using twofold serial dilutions of compound in cation-adjusted Mueller Hinton broth (15) .
Resistance genetics and mutant isolation. P. aeruginosa CB398 was cultured in LB medium to early stationary phase, and the cell suspension was concentrated to ϳ10
11 CFU/ml following recovery of cells by centrifugation. Aliquots containing 10 9 to 10 10 CFU were then plated on LB agar supplemented with either CBR-4830 or rifampin at twofold doubling dilutions (16 to 128 M). Spontaneously resistant colonies were counted after incubation for 1 to 3 days at 35°C and used to calculate the apparent drug resistance frequency for each agent. A subset of resistant clones was purified through drug-free passage, and single-colony isolates were subsequently tested for changes in antibiotic resistance by broth microdilution assay.
Identification of the CBR-4830-resistant determinant. Genomic DNA was isolated from pooled CBR-4830-resistant variants of P. aeruginosa CB398 using a Wizard Genomic DNA Purification Kit (Promega, Madison, WI.). Purified genomic DNA was partially digested with Sau3A1, fractionated by agarose gel electrophoresis, and ligated into pUCP30T (68) following sequential treatment of the vector with BamHI and shrimp alkaline phosphatase. The resultant recombinant plasmid DNA library was introduced into CB398 by electroporation (13) , and clones that conferred stable heritable resistance to CBR-4830 were identified following coselection for the vector-encoded resistance (i.e., gentamicin) and CBR-4830 resistance at 32 M. Plasmid pUO377 (Table 1 ; see also text below) was identified in this manner following two subsequent rounds of passage through a naïve CB398 host and coselection for gentamicin and CBR-4830 resistance as above. Restriction mapping and in vitro random mutagenesis with EZ::TN ϽTET-1Ͼ (Epicenter Biotechnologies, Madison, WI) were employed to localize the CBR-4830-resistant determinant of pUO377. For PCR analysis of mreB or mreBC variants from CBR-4830-resistant or -sensitive clones, plasmid or genomic DNA was used as a template for gene amplification using Platinum Taq DNA Polymerase High Fidelity (Invitrogen Corporation, Carlsbad, CA) in a standard reaction mixture further supplemented with 5% (vol/vol) DMSO and 1 M betaine (pH 9), which improves the amplification efficiency of high-GCcontent templates. To aid in directional cloning, PCR primers were engineered to carry terminal KpnI and HinDIII restriction sties.
Recombinant DNA methods for P. aeruginosa. Construction of PAO1 derivatives deficient in one or more efflux pump systems was accomplished using a targeted deletion-replacement mutagenesis approach involving SacB-mediated sucrose counter-selection and Flp recombinase (28) . Recombinant mexA-mexBoprM operon was amplified from the PAO1 genome with the following primer pair: 5Ј-GATCGAGCTCATGCAACGAACGCCAGCCATGCGTGTACTG-3Ј and 5Ј-GATCTCTAGATCAAGCCTGGGGATCTTCCTTCTTCGCGGT-3Ј (restriction sites are underlined). Following restriction digestion with SacI and XbaI, the PCR product was directionally cloned into the corresponding sites of pUCP30T to facilitate expression from the vector encoded P lac promoter (59) .
P. aeruginosa was engineered to ectopically express alleles of mreB encoding either wild-type protein (MreB WT ) or a derivative carrying the mutation E141G [MreB(E141G)] from the distal glmS attTn7 site in the genome of CB398 using a previously described site-specific broad-host-range integration system (8) . Briefly, mreB WT or mreB(E141G) alleles with native promoter elements were amplified from CB398 or pUO377, respectively, using the primer pair 5Ј-CGG GGTACCTCCAGCAAAAGCGGCCTTGGAAGG-3Ј and5Ј-CCCAAGCTTT TACTCGGTGGAGAGCAGGTCCA-3Ј (restriction sites are underlined). Purified PCR products were treated with KpnI and HinDIII and then cloned into a similarly restricted mini-Tn7T-Gm construct. Resultant recombinant plasmids or the parent vector alone were transferred by electroporation along with the pTNS1 helper plasmid into CB398. Electrotransformants were selected on VBMM supplemented with gentamicin, followed by subsequent excision of the gentamicin resistance marker using Flp recombinase (7) . A nonpolar mreB gene inactivation cassette in which the coding sequence for the native mreB was replaced from start codon to stop codon with the coding sequence for the aacI gentamicin resistance cassette was cloned into pEX18Ap containing sacB and bla genes and introduced into recombinant P. aeruginosa by conjugation. Transconjugates were selected on VBMM with gentamicin and were transferred after one round of passage onto VBMM supplemented with 5% sucrose to select for recombination and loss of the vector. Strains carrying null mutations of the native mreB were identified phenotypically as exhibiting resistance to sucrose and gentamicin and sensitivity to carbenicillin. A subset of purified clones was subsequently confirmed by diagnostic PCR analysis of the native mreB locus and the recombinant mini-Tn7 element integrated at the glmS attTn7 site.
Phase-contrast microscopy. Cultures of P. aeruginosa were grown in LB broth with aeration to early to mid-log phase (optical density at 600 nm of 0.2 to 0.5) and were then split into multiple tubes and exposed to DMSO control or test compounds at the indicated concentration (see Table 3 ) for up to 180 min at 37°C with agitation. Portions of the cell suspension were examined immediately by phase-contrast microscopy and also preserved in 10% buffered neutral formalin (3.7% [vol/vol] , formaldehyde, 145 mM NaCl, 30 mM KH 2 PO 4 , 45 mM Na 2 HPO 4 ) for longer storage at 4°C. Formalin-fixed cells were immobilized for microscopy by placing a thin pad of 1% (wt/vol) agarose on a microscope slide prior to the addition of the preserved cells.
Overexpression and purification of wild-type and mutant MreB proteins. mreB WT and mutant variants of the P. aeruginosa mreB coding region [mreB(P113R) or mreB(E141G)] were amplified under high-fidelity conditions from strains CB046 (PAO1), CM480, and pUO377, respectively, using Platinum Taq High Fidelity polymerase and the oligonucleotide primer pair 5Ј-CGGGG TACCATGTTCAAAAAATTGCGTGGCATG-3Ј and 5Ј-CCCAAGCTTTTAC TCGGTGGAGAGCAGGTCCA-3Ј (restriction sites are underlined). The resultant products were treated with KpnI and HindIII and ligated to similarly transformed with the plasmid pBAD/HisB-MreB WT , pBAD/HisB-MreB(E141G) or pBAD/HisB-MreB(P113R) were grown at 37°C with agitation to exponential phase (optical density at 600 nm of ϳ0.6) in LB medium supplemented with ampicillin. Expression was induced by the addition of L-arabinose to a final concentration of 0.2% (wt/vol), and incubation was continued for 5 h. Cell pellets were recovered by low-speed centrifugation and processed in lysis buffer (50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 5% glycerol) supplemented with 2 mM ␤-mercaptoethanol, 10 mM MgCl 2 , a cocktail of protease inhibitors (Complete, EDTA free; Roche Applied Sciences, Indianapolis, IN), and DNase I by sequential treatment with lysozyme and sonication. The resultant cleared lysate was bound to Ni-nitrilotriacetic acid agarose resin (QIAGEN Inc., Valencia, CA) and washed with lysis buffer containing 20 mM imidazole, and the recombinant N-His 6 -MreB proteins were eluted with a buffer of 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, and 250 mM imidazole. The resulting eluate was then dialyzed against storage buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1 mM EDTA, 1 mM dithiothreitol [DTT] , and 50% glycerol). Following dialysis, the protein concentration was determined by Bradford assay, and samples were aliquoted and stored at Ϫ70°C. In vitro assays of MreB polymerization. MreB polymerization was measured by 90°-angle light scattering in a Hitachi F-4500 fluorescence spectrophotometer with both the excitation and emission wavelengths set at 310 nm and a slit width of 1 nm (45) . At the indicated times (see Fig. 6 ), MreB (9.4 M), the tested compound or DMSO, and ATP were added to the sample cuvette. In all cases, the final concentrations of the components of the buffer were 100 mM Tris-HCl (pH 7.5), 100 mM NaCl, 2 mM DTT, 8 mM MgCl 2 , and 17.6 mM ATP. Data were continuously collected for a specified period of time. The shutter was closed during the time required to add MreB, compound or DMSO, and ATP, which caused the light-scattering signal to briefly fall to zero. A second, filtration-based assay for ATP-dependent MreB polymerization was undertaken using a purified recombinant form of the Thermotoga maritima MreB1 (TM0588) protein (66) . In these studies, MreB1 was employed at 1 mg/ml in 100 mM Tris-HCl (pH 7.5), 100 mM NaCl, 4 mM MgCl 2 , 2 mM DTT, and 5 mM ATP in reaction mixtures containing 5% (vol:vol) DMSO or test compound. Reaction mixtures were incubated at 37°C for 30 min, and the polymerized MreB1 forms were separated by retention on Ultrafree-MC 0.22-m-pore-size Durapore Centrifugal Filter Units (Amicon UFC3 0GV 00). Briefly, the Ultrafree-MC units were prewashed by adding 0.4 ml of 0.1% bovine serum albumin and centrifuged for 1 min at 12,000 ϫ g at 25°C; the wash step was repeated twice with reaction buffer. Reaction mixtures were applied to the column in 40-l volumes and centrifuged for 1 min at 12,000 ϫ g at 25°C. The flowthrough fraction was collected as the unpolymerized or soluble fraction and combined with an equal volume of 2ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and stored on ice. The filters were then washed twice with 0.4 ml of reaction buffer, and the polymerized forms retained on the filter were recovered in a quantitative fashion by adding 80 l of 1ϫ SDS-PAGE sample buffer and heating the spin columns at 99°C for 15 min. For electrophoretic gel analysis, equivalent volumes of the soluble and polymerized samples from each reaction set were loaded in adjacent lanes of an SDS-PAGE gel. Finally, T. maritima MreB1 structures formed in vitro that were examined by electron microscopy were prepared as described above for the filtration assay except that 3 mM CaCl 2 was added to the assay buffer as described previously (66) .
RESULTS
Identification of CBR-4830 through whole-cell antibacterial screening of an efflux-compromised PAO1 strain. In a previous study, we reported the construction and characterization of a 20-member panel of derivatives of the P. aeruginosa PAO1 strain that each bore deletions in multiple putative efflux systems (20) . In a discovery program focused on the identification of novel antipseudomonal agents, we deployed a strain panel of efflux-defective mutants including a P. aeruginosa PAO1 derivative (CB398) bearing deletion-replacements of four RND-class efflux systems (mexAB-oprM, mexCD-oprJ, mexXY, and mexJKL) and also opmH (TolC) in a high-throughput screen of a library of diverse synthetic compounds. Following a confirmation step in which the activity of each identified compound was confirmed through a second independent growth inhibition assay, a number of "hits" were identified that represent compounds that inhibited the growth of efflux-defective mutant strains, but not the wild-type parent, at a concentration of 5 M. Of these, an indole-class compound (CBR-4830) ( Fig. 1 ) was identified as a compound active against CB398 (96 to 99% growth inhibition at 5 M).
Antibacterial activity of CBR-4830 is compromised by MexAB-OprM in PAO1. Since CBR-4830 was identified using a strain deficient in numerous efflux pumps, we determined whether the antibacterial activity of this compound was impaired by a single pump or if multiple pumps contributed to the extrusion of this compound. In broth microdilution MIC assays, the antimicrobial activity of CBR-4830 was significantly improved in strains lacking mexAB-oprM (32-to 128-fold) and to a lesser extent in strain CB602 lacking mexXY (4-fold) (Table 2). Inactivation of other transporters including mexCDoprJ, mexEF-oprN, mexJK, or opmH alone had no apparent effect on the MIC of CBR-4830. Consistent with previous reports in the literature (12, 58) , antimicrobial activity of rifampin was unaffected by mutation of the four major RNDclass transporters in P. aeruginosa PAO1. In contrast, differential sensitivity for the tested strains was observed for chloramphenicol (primarily a substrate for MexAB-OprM) and triclosan (a substrate for multiple RND-class transporters). Taken as a whole, these data are interpreted to indicate that MexAB-OprM is the principal pump involved in extrusion of CBR-4830 from P. aeruginosa PAO1.
In order to confirm the requirement for MexAB-OprM in the extrusion of CBR-4830 from P. aeruginosa, we cloned and Expression of MexAB-OprM in these studies was observed to restore resistance of CB398 to triclosan, chloramphenicol, and CBR-4830 to near wild-type levels, thus providing genetic evidence that inactivation of mexAB-oprM is both necessary and sufficient to confer the reduced sensitivity of CB398 to CBR-4830 (Table 2) . Generation and characterization of CBR-4830-resistant mutants. Derivatives of P. aeruginosa CB398 that exhibit CBR-4830 resistance arose in vitro on agar medium supplemented with 32 M CBR-4830 at a frequency of ϳ5 ϫ 10 Ϫ9 , similar to that observed for rifampin (Fig. 2) . Resistant mutants were not similarly recovered at higher CBR-4830 drug concentrations, possibly indicating that the in vitro mutant prevention concentration (19) of this agent is achieved at these drug concentrations. Sixteen putative CBR-4830-resistant derivatives of CB398 were purified through a drug-free passage and then evaluated for changes in susceptibility to CBR-4830 and control agents by broth microdilution MIC assays. Fifteen of 16 purified CBR-4830 selectants showed elevated resistance to CBR-4830 (see Fig. 4 ), but all remained equivalently sensitive to other known efflux substrates including triclosan and trimethoprim (data not shown).
To delineate the mechanism(s) underlying the observed CBR-4830 resistance and therein possibly elucidate the mode of action of this class of compound, a random plasmid-based genomic library was generated from DNA recovered from the original pool of CBR-4830-resistant mutants and was subsequently used to transform CB398 to elevated resistance to CBR-4830. A single recombinant plasmid clone, referred to hereafter as pUO377 (Table 1) , was subsequently identified as being capable of transferring stable, heritable CBR-4830 resistance and was shown by plasmid mapping and DNA sequence analysis to carry three full-length open reading frames (ORFs)-PA4480, PA4481, and PA4482-annotated in the P. aeruginosa PAO1 genome as mreC, mreB, and gatC, respectively (Fig. 3) .
Mutated MreB is necessary and sufficient to confer resistance of efflux-compromised P. aeruginosa strains to CBR-4830. Sequence analysis of the entire insert cloned in pUO377 identified a single-nucleotide polymorphism (with respect to the parental P. aeruginosa PAO1 genome sequence) in the ORF of the mreB gene corresponding to an MreB(E141G) missense mutation. The relevance of this mutation was confirmed in a follow-up study wherein it was observed that the mutant form of mreB [MreB(E141G)] expressed alone from pUCP30T, but not a similarly cloned wild-type copy of mreB (MreB WT ), was sufficient for genetic transfer of CBR-4830 resistance to a naïve CB398 host. Furthermore, disruption of the plasmid-borne mreB(E141G) ORF by standard recombination methods or by in vitro random transposon mutagenesis 
FIG. 2.
The effect of increasing drug concentration on the recovery of single-step resistant mutants. P. aeruginosa CB398 was grown to stationary phase, and aliquots of concentrated cell suspensions were spread on agar plates containing increasing concentrations of CBR-4830 (filled circles) or rifampin (open circles). Following incubation at 37°C, colonies were enumerated, and the fraction recovered relative to the input number of CFU per plate was determined for the specific drug concentration. Lawn refers to the point at which individual colonies could no longer be distinguished. The mutant prevention concentration (MPC) corresponds to the minimal drug concentration in plates which suppressed the growth of any resistant colonies.
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ROBERTSON ET AL. J. BACTERIOL. using the EZ::TN ϽTet-1Ͼ element resulted in reversion to CBR-4830 sensitivity (Fig. 3) . To verify that the original CBR-4830 selection resulted in the selection of strains bearing spontaneous missense mutations in mreB, we also determined the nucleotide sequence of mreB from the 15 purified stable CBR-4830-resistant CB398 derivatives, as well as the CBR-4830-sensitive parent strain CB398. All 15 purified CBR-4830-resistant variants carried individual nucleotide polymorphisms resulting in several discrete missense mutations in mreB, while no such mutations were observed in the CBR-4830-sensitive CB398 parent strain ( Fig. 4A and B) . Systematic evaluation of the growth properties of the CB398 derivatives bearing missense mutations in mreB was not undertaken; however, these recovered mutants appear to retain normal growth properties in standard laboratory medium and, where evaluated (Fig. 5) , appear to maintain normal cell morphology in both the presence and absence of CBR-4830. This result is consistent with the minimal impact such mutations were found to have on cell growth of an unrelated organism, Caulobacter crescentus, bearing missense mutations in mreB (25) .
To confirm the apparent role of mutant mreB alleles in conferring resistance to CBR-4830, we employed a previously described site-specific mini-Tn7 vector system (6, 8) to construct merodiploid CB398 derivatives that expressed either the wild-type mreB (MreB WT ) or mutant mreB [MreB(E141G)] in single-copy form under control of the native promoter elements at the distal glmS attTn7 locus. A control strain in which the empty multicloning site from mini-Tn7T-Gm vector (6) was integrated at the attTn7 site was also constructed (Table  1) . Using a nonpolar, site-specific gene replacement strategy so as to minimize potential polar effects on native downstream mreC (PA4480) and mreD (PA4479), we readily recovered deletion-replacement mutants of native mreB in CB398 derivatives that also expressed MreB WT or MreB(E141G) ectopically from the attTn7 site. However, we failed to resolve intermediate integrants in a strain that lacked a second functional copy of mreB (data not shown). This result is wholly consistent with the idea that MreB performs an essential cellular function in P. aeruginosa PAO1, as has been reported for other bacterial species (24, 31, 38) . Subsequent MIC studies using the recovered recombinant merodiploid strains that expressed only mreB WT or mreB(E141G) from attTn7 confirmed the role of the mutant mreB(E141G) in elevated resistance of CB398 to CBR-4830 (data not shown). As a whole, these results are highly suggestive that the mreB gene product performs an essential function in P. aeruginosa PAO1 and serves as the direct cellular target of CBR-4830.
CBR-4830 treatment confers morphological changes that are characteristic of MreB depletion. MreB is a prokaryotic actin homolog that has been shown to be essential for cell viability, cell shape, polar protein localization, and chromosome segregation in a wide array of bacterial species (5, 67) . Central to the role of MreB in these processes is its ability to directionally polymerize (assemble) into dynamic spherical filaments in the bacterial cell (66) . Owing to the mechanical functions of MreB in determining the rod shape, a characteristic feature of multiple bacteria when they are depleted of MreB by either molecular genetic approaches or following treatment with chemical agents such as S-(3,4-dichlorobenzyl)isothiourea (A22) is the tendency to lose the rod shape and transition to spherical cells (25, 30, 47) . To determine the effects of CBR-4830 treatment on cell shape in P. aeruginosa, we exposed actively growing cultures of CB398 (efflux-compromised, MreB WT and CBR-4830 susceptible) or CM324 [efflux-compromised, MreB(I124S) and CBR-4830 resistant] to CBR-4830 at a concentration of 32 M for 180 min and then examined portions of the resulting cell suspensions using phase-contrast microscopy (Fig. 5) . As expected, treatment of CBR-4830-sensitive, rod-shaped CB398 with CBR-4830 results in cell rounding that is characteristic of MreB-depleted cells (47) . In contrast, treatment of the CBR-4830-resistant CM324 strain, bearing a mutant mreB(I124S) allele, did not result in loss of the rod shape. These data are wholly consistent with a model wherein CBR-4830 directly impairs MreB function and with the notion that specific point mutations in mreB both confer resistance to CBR-4830 and protect the cell from gross morphological changes that might be anticipated from MreB depletion. Untreated cells of the CBR-4830-resistant strain CM319, which has a wild-type native mreB WT and also expresses mutant mreB(E141G) from pUO271, are significantly elongated but revert to apparently normal rod-shaped morphology upon CBR-4830 exposure (Fig. 5) . As this behavior is distinct from that observed for a CBR-4830-sensitive control (Fig. 5, CM358 ), this is interpreted to mean that overexpression of the mreB(E141G) mutant protein in some way impairs normal cell growth and/or cell division, possibly by competing directly with native MreB WT function.
Assessment of CBR-4830 mode of action through an in vitro light-scattering assay of MreB polymerization.
In an effort to further delineate the mode of action of CBR-4830 as a modulator of MreB function, recombinant forms of wild-type MreB plus two mutant forms derived from CBR-4830-resistant variants [mreB(E141G) and mreB(P113R)] were cloned into the pBAD/HisB vector, overexpressed, and purified to near homogeneity from a recombinant E. coli host (data not shown). Using a previously described assay for in vitro MreB protein polymerization (22) , we observed rapid ATP-dependent changes in light scatter intensity for purified recombinant MreB (Fig. 6A) , which is indicative of the in vitro conversion of MreB monomers into polymerized MreB protofilaments. Addition of CBR-4830 to the test reaction mixture significantly inhibited light scattering of MreB WT in a dose-dependent fashion ( Fig. 6A and B) . In contrast, CBR-4830 showed a comparatively marked reduction in its ability to inhibit light scattering of the MreB(E141G) or MreB(P113R) variant when tested under the same assay conditions (Fig. 6B) . Equivalent results were obtained using a purified recombinant form of the T. maritima MreB1 (TM0588) protein (66) in an in vitro filtration-based assay of MreB polymerization (see Materials and Methods). As shown in Fig. 7 , CBR-4830 treatment of MreB1 significantly decreased the amount of apparent polymerized forms of the protein that are retained by the 0.22-m-pore-size filter unit. To confirm the polymeric nature of the filter retentate, equivalent reaction mixtures were also examined by electron microscopy methods; these revealed helical forms as spiral superstructures of MreB1 that are reminiscent of previous electron microscopy images of MreB1 filaments (66) but were not observed in samples exposed to CBR-4830 (Fig. 7B) . Equivalent electron micrographs were not successfully obtained in studies of the P. aeruginosa MreB protein (not shown). Taken as a whole, these data are consistent with a model wherein MreB serves as a direct cellular target for CBR-4830, and specific target-based genetic resistance to this compound arises in P. aeruginosa through mutations in mreB that may affect binding of CBR-4830 to this cellular target (see Discussion).
Inhibition of P. aeruginosa growth and MreB function by CBR-4830 and related compounds. To begin to assess the chemical specificity of CBR-4830 as an inhibitor of P. aeruginosa MreB function, six commercially available chemical analogs were obtained (Princeton Biomedical) that share the core indole scaffold of CBR-4830 (Fig. 1 ), and these were tested for antimicrobial potency and cross-resistance in microdilution MIC assays versus the efflux-defective CBR-4830-sensitive CB398 (mreB WT ) or CBR-4830-resistant CM324 [mreB(I124S)] strains or the efflux-competent parent strain CB046 (Table 3) . Compound A22, a previously characterized modulator of MreB function (25, 29, 47) (Fig. 1) , amdinocillin (mecillinam, a PBP2 inhibitor), and meropenem (a PBP2/3 inhibitor) were . This latter result suggests that all of these compounds are still recognized and excluded by one or more of the four RND-class transporters inactivated in CB398. Two compounds, C7-1007 and C7-0974, were both found to exhibit significant cross-resistance to the CBR-4830-resistant mreB(I124S) allele of strain CM324, whereas MICs of compounds C7-1008, C7-1009, and C7-0975 were unaffected by this resistance mutation. Compound C7-1007 was further observed to transform CB398 to coccoid forms at 32 M or 2ϫ MIC and also exhibited appreciable activity in inhibiting MreB polymerization in vitro in the light-scattering assay with a calculated 50% inhibitory concentration (IC 50 ) equivalent to that of CBR-4830. These data are consistent with the observation that C7-1007 exhibits its antimicrobial effect via cellular perturbation of MreB function. In contrast, neither C7-1008 nor C7-1009 was active in the MreB polymerization assay (i.e., IC 50 of Ͼ196 M) and had no discernible effects on the morphology of treated CB398 cells, suggesting that these compounds that are more distantly related to CBR-4830 exhibit antimicrobial activity via a mechanism(s) unrelated to inhibition of MreB function (Table 3) . As expected, A22 and amdinocillin induced a coccoid cell morphology, whereas low doses of meropenem promoted cell filamentation. Taken as a whole, these data indicate that CBR-4830, and some closely related analogs (i.e., C7-0974 and C7-1007), inhibit the growth of P. aeruginosa through the specific inhibition of MreB function. This activity is antagonized principally by MexAB-OprM-mediated efflux exclusion and through specific, acquired target-based mutations that arise in the mreB target gene. As MreB is well conserved and thought to be essential in multiple rod-shaped, filamentous, and helical bacteria (5, 67), we determined whether CBR-4830 exhibits antimicrobial activity and affects the cellular morphology of an E. coli derivative that lacks TolC, an outer membrane channel that plays a key role in intrinsic activity of RND efflux pumps in this organism. At 0.032 mM (equivalent to the MIC for this organism), an E. coli tolC strain was observed to transition from rod shape into spherical cells (data not shown), suggesting that CBR-4830 may target MreB in this organism as well. Further studies would be necessary to unequivocally prove that CBR-4830 inhibits growth of E. coli tolC mutants through specific inhibition of MreB filamentation and to confirm which intrinsic (or inducible) efflux system(s) limits the antimicrobial potency of CBR-4830 against this bacterium. However, this finding raises the possibility that CBR-4830 may have broader utility as both a novel class of antibacterial agent and as an important new experimental tool for the study of the prokaryotic MreB actin-like cytoskeletal network.
DISCUSSION
Despite the promise that combined efforts in bacterial genomics, combinatorial chemistry, and target-based highthroughput screening would deliver new classes of antibacterial agents, no new agents based on these efforts have been introduced into the clinic (16, 56) . To inhibit bacterial growth, a compound that is active in vitro must also be able to penetrate the bacterial cell surface, avoid extrusion by a range of efflux mechanisms, and avoid inactivation through modification by host enzymes. P. aeruginosa displays a high level of intrinsic resistance to a variety of structurally unrelated antimicrobial agents due to the interplay of both the low-permeability outer membrane and broad-specificity drug efflux systems (46, 51, 52, 58) . Indeed, many otherwise viable and potent antibiotics (e.g., levofloxacin) are rendered ineffective against the pathogen based on the activity of one or more efflux systems alone (36) .
In an antibacterial discovery program directed toward the identification of novel antipseudomonal agents, we undertook cell-based screens of a synthetic compound collection using an engineered panel of efflux-defective bacteria including effluxcompromised derivatives of the P. aeruginosa PAO1 strain (20) . The potential of this approach for the identification of novel leads for chemical optimization is exemplified herein through the identification and characterization of CBR-4830, a novel indole-class compound that would not have been identified in a cell-based screen employing wild-type, efflux-proficient strains. The identification of MreB as the proximal cellular target of CBR-4830 (and related compounds C7-1007 and C7-0974) is suggested by the observation that missense mutations in mreB are sufficient to render efflux-sensitized PAO1-derivatives insensitive to CBR-4830. Further, ectopic expression of the mutant mreB(E141G) alone from a distal glmS attTn7 site was sufficient to confer CBR-4830 resistance to an otherwise naïve host in vitro.
MreB is a bacterial homolog of actin and is postulated to perform critical roles in cell shape determination, coordination of cell division, protein localization, and chromosome segregation (18, 21, 25, 37) . A series of novel S-benzylisothiourea compounds (29, 30) , including S- (3,4-dichlorobenzyl) isothiourea (referred to as A22 and shown in Fig. 1 ), have been shown to perturb MreB function in E. coli and C. crescentus. Molecular genetic studies in the dimorphic bacterium C. crescentus, for example, have demonstrated a role for A22 in blocking MreB function, possibly by interacting directly with the MreB ATP binding pocket (25) . In the studies presented here (Fig.  4A and B) , we demonstrate that CBR-4830-resistant P. aeruginosa mreB missense mutants exhibit cross-resistance to A22 but with minimal overlap between specific alleles that were previously demonstrated to confer significant antimicrobial resistance to A22 in C. crescentus (25) . While A22 and CBR-4830 are chemically distinct (Fig. 1 ), it appears from these limited, nonsaturating resistance studies that they share a similar binding site in MreB. Interestingly, A22, unlike CBR-4830 and related compounds (C7-0974 and C7-1007) described herein, does not appear to block polymerization of recombinant P. aeruginosa MreB in vitro ( Table 3) . As A22 has been shown to disperse existing MreB filaments in living cells within minutes (25) , this result may be indicative of physical differences between our in vitro assay conditions and the in vivo setting or, alternately, that an additional factor(s) is required for A22 action in vivo. Clearly, the finding that two distinct chemical scaffolds appear to act on a single essential target in disparate microorganisms is a good indication of the potential "druggability" of MreB as a target for antibacterial development, as has previously been suggested (67) .
Our inability to disrupt mreB unless a second functional copy of mreB is provided in trans is consistent with the idea that MreB performs an essential cellular function in P. aeruginosa and is not merely a structural scaffold required for maintaining rod shape. This conclusion is supported by the apparent failure of other researchers to recover P. aeruginosa mreB insertion mutants using saturating genome-wide transposon mutagenesis approaches (40) . Based on the studies described herein, we cannot discern the nature of this essentiality or whether chemical perturbation of MreB function is bactericidal or bacteriostatic in nature. However, based on studies in other organisms, it is postulated that the lethal effects of MreB depletion (and hence CBR-4830 action) are multifactorial and likely result from failure to appropriately and faithfully segregate daughter chromosomes or from other consequences of loss of this crucial scaffold protein.
Use of efflux-compromised E. coli strains proved essential for uncovering the mode of action of a new class of bacterial RNA polymerase inhibitor (CBR-703) (1) , and this systematic efflux knockout approach has been applied more broadly in studies with Streptococcus pneumoniae (57) and Haemophilus influenzae (64) . We know of no other published studies wherein P. aeruginosa efflux-compromised strains have been systematically employed toward the discovery of novel classes of antipseudomonal agents. The results described substantiate the utility of the approach in the identification of novel discovery leads corresponding to compounds that would not have been discovered in screens employing efflux-proficient strains. Such compounds represent potential starting points for chemistry-based efforts to circumvent the efflux-based resistance mechanism while retaining target-directed antimicrobial activity. Although successful avoidance of the efflux liability was not observed for the small number of commercial analogs of CBR-4830 examined in these studies, there is precedence in the literature for the success of medicinal chemistry efforts to circumvent specific efflux mechanisms. For example, in the tetracycline and macrolides classes, semisynthetic chemistry efforts have yielded compounds of the so-called glycylcycline (10, 11, 50, 61) and ketolide classes (2, 9, 60, 70), respectively, that differ from their progenitors in no longer being substrates for key efflux pumps and therein retaining activity against clinical strains that exhibit efflux-based resistance. Specifically, tigecycline circumvents a series of major facilitator superfamily-class tetracycline-specific efflux proteins of both gram-negative and gram-positive pathogens (17, 50, 61) , while telithromycin has significantly improved activity versus clinical isolates with elevated macrolide efflux via the MefA/E (23) and AcrAB systems (9) . In the case of the fluoroquinolones, the overall hydrophilicity (3, 63) and bulk (26, 33, 34) of these compounds affect their sensitivity to specific efflux pumps, and the apparent structure-activity relationships delineated have contributed in the identification of novel development candidates that are less prone to efflux (49) . Finally, studies of the effects of overexpression of the MexAB-OprM, MexCD-OprJ, and MexXYOprM systems on the efflux of a series of closely related carbapenem-class antibiotics has revealed intricate substrate specificities that could be further exploited in directed chemistry efforts (48) . Hence, overall, there seems a reasonable expectation that targeted medicinal chemistry efforts may be undertaken to circumvent specific efflux mechanisms that limit the intracellular accumulation and therein activity of antibacterial discovery leads identified through screens employing efflux-defective strains. In the future, high-resolution structural studies of antimicrobial efflux components will likely also play a role in rational approaches to efflux avoidance. Finally, an alternate approach may be adopted wherein an efflux-compromised agent would be paired with an appropriately matched efflux pump inhibitor in a cocktail combination. Several such efflux pump inhibitors have been reported but have yet to be found to have true clinical utility, often owing to the narrow spectrum of pump recognition/inhibition or inappropriate pharmacokinetic/pharmacodynamic parameters (42, 43).
Clearly, additional studies are needed to better understand the potential utility or liability of either approach toward the further advancement of antibacterial discovery leads like CBR-4830 for the development of new antipseudomonal agents.
